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Effects of salt intake and renal denervation on catecholamine
catabolism and excretion
ANDREW DEWITT BAINES
Department of Clinical Bioche,nistr', University of Toronto, Toronto, Ontario, Canada
Effects of salt intake and renal denervation on catecholamine catabo-
lism and excretion. My study was designed to measure the effect of salt
intake on secretion and catabolism of catecholamines by the kidney and
renal nerve contributions to urinary catecholamine excretion. Rats with
one chronically denervated (DEN) and one innervated (INN) kidney
were fed either high salt (HS) or low salt (LS) diets for 5 to 14 days.
Under mactin anesthesia rats were expanded with isotonic saline while
LS rats received 10% niannitol to produce the same urine flow rates.
Epinephrine excretion was ten times greater from LS than from HS
rats; however, epinephrine/inulin excretion was the same from INN and
DEN kidneys. Norepinephrine/inulin excretion was 30% less from
DEN than from INN kidneys in both HS and LS rats (P < 0.01).
Dopamine/inulin excretion was 20% less from the DEN kidney than
from the INN kidney of HS rats (P < 0.05), but the 5% lower dopamine/
inulin excretion from DEN than from INN of LS rats was not
significant. Norepinephrine and dopamine tubular secretions from the
rats, estimated by microinjecting radioactive tracers beneath the renal
capsule, were 21 and 65%, respectively. After the microinjection, 68%
of radioactive norepinephrine and 65% of radioactive dopamine were
secreted unchanged. Catecholamine secretion rates and catabolism
were not altered by denervation or different salt intakes. Estimated
neural NE release was I ng/min in INN kidneys of both HS and LS rats;
dopamine release was 0.6 ng/min in kidneys of HS rats. Thus, when
anesthesized, renal nerves contribute 30% to urinary NE and up to 21%
to urinary dopamine excretion. Salt intake did not influence NE release
from renal nerves or catecholamine secretion and catabolism by the
kidney, but salt depletion decreased the renal nerve contribution to
urinary dopamine excretion.
Effets de l'ingestion de sel et de Ia dénervation rénale stir le catabolisme
et l'excrétion des catécholamines. M'ëtude a été réalisée afin de mesurer
l'effet de l'ingestion de sel sur Ia sécrétion et le métabolisme des
catécholamines par le rein et Ia contribution des nerfs rénaux a
l'excrétion urinaire des catécholamines. Des rats dont un rein était
dénervé de facon chronique (DEN) et un rein ëtait innervé (INN) ont
été nourris avec une alimentation riche en sd (HS) ou pauvre en sel
(LS) pendant 5 a l4jours. Sous anesthésie par l'inactine les rats ont subi
une expansion avec du solute sale isotonique (HS) ou du mannitol a
10% (LS) afin de produire les mémes debits urinaires. L'excrétion
d'épinephrine était dix fois plus grande dans Ic groupe LS que dans le
groups HS; cependant le rapport d'excrétion E/inuline était le méme
pour les reins INN et DEN. Le rapport d'excrétion norépinCphrine/
inuline était plus faible de 30% pour les reins DEN que pour les reins
INN aussi bien chez HS que LS (P < 0,01). Le rapport d'excrétion
dopamine/inuline était de 20% inférieur pour les reins DEN que pour les
reins INN chez les rats HS (P < 0,05), mais l'abaissement de 5% du
rapport dopamine/inuline chez DEN compare a INN chez les rats LS
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n'était pas significatif. La sécrétion tubulaire de norepinephrine et de
dopamine évaluée par Ia microinjection de traceurs radioactifs sous Ia
capsule renale était de 21% et de 65% respectivement. AprCs microin-
jection, 68% du norépinéphrine radioactif et 65% du dopamine radioac-
tif étaient sécrétés non modifies. Les debits de sécrétion de catéchol-
amines et le catabolisme des catécholamines n'ont pas eté modifies par
Ia dénervation ou des apports de sel différents. La liberation de
norepinephrine neurale était de I ng/mn dans les reins INN aussi bien
chez HS que LS; Ia liberation de dopamine de 0,6 ng/mn dans les reins
de HS. Donc, sous anesthésie, les nerfs rénaux sont responsables de
30% de norepinephrine urinaire et de 21% de l'excrétion urinaire de
dopamine. L'apport de sodium ne modifie pas Ia liberation de norépi-
néphrine a partir des nerfs rénaux ou Ia sécrétion et le catabolisme des
catécholamines par le rein, mais Ia depICtion de sodium diminue Ia
contribution des nerfs rénaux a l'excrCtion urinaire de dopamine.
In humans, neither local denervation nor electrical stimula-
tion can be used to examine the role of renal nerves. Thus we
are forced to rely for the most part on urinary catecholamine
excretion as an index of both renal nerve activity and plasma
catecholamine concentrations integrated over time [I]. Howev-
er, deductions based on urinary catecholamine excretion rates
are weak because we have no idea about the quantity or type of
catecholamine added to urine by renal nerves. A priori, it seems
that renal nerves acting independently from the rest of the
sympathetic nervous system could produce large variations in
urinary catecholamine excretion without a change in circulating
levels having occurred.
Although it is generally accepted that renal nerves release
norepinephrine (NE) as their principle neurochemical transmit-
ter [2, 3, 41, no one has been known to measure the fraction of
urinary NE derived from renal nerves. The kidney also pro-
duces large amounts of dopamine (D) either in its nerves [5] or
by metabolic conversion of precursors in nonneuronal tissues
[6, 7]. A number of investigators have found that urinary
dopamine excretion increases and norepinephrine decreases in
response to salt loading or extracellular fluid volume expansion
[8, 9, 10]. Alterations in neural release, tubular secretion, or
synthesis and catabolism could produce these changes in cate-
cholamine excretion.
In the following experiments, the separate contributions of
renal nerves and of the adrenal glands [II] to urinary catechol-
amine excretion were identified by comparing excretion from a
chronically denervated kidney, separated from its adrenal
gland, with that from the contralateral innervated kidney, with
adrenal attachments intact. In order to relate renal nerve
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activity to salt metabolism, my studies were carried out in
chronically salt-loaded or salt-deprived rats.
Radioactive catecholamines microinjected into the perituhu-
lar space provided estimates of fractional catecholamine secre-
tion and catabolism. Using fractional secretion rates and the
differential in catecholamine excretion by innervated and dener-
vated kidneys, it was possible to estimate the rate of catechol-
amine release from renal nerves.
These experiments provide direct evidence that renal nerves
release dopamine as well as norepinephrine and that salt
depletion decreased neural dopamine release into the urine
without altering transtubular secretion or metabolic destruction
of catecholamines.
Methods
Denervation procedure. Male Sprague-Dawley rats, weighing
200 to 350 g, were anesthetized with sodium pentobarbital (50
mg/kg, i.p.). The left kidney of each rat was exposed through a
flank incision. The left renal artery was dissected free and
wrapped with cotton soaked in 10% phenol alcohol solution for
10 to 15 mm [12]. Renal nerves, visible when viewed with the
dissecting microscope, were cut. The incision was then closed
in two layers. Sham-operated control rats were treated the same
way except that their kidneys were not denervated. After the
operation the rats were fed a sodium deficient diet (#170950,
Tecklad Standard Laboratory Diets, Windfield, Iowa; sodium
0.002 to 0.009 mEq/g; potassium, 0.246 mEq/g) and drank either
distilled water (LS) or 1% saline (HS).
Clearance and microinjection experiments. After a recovery
period of 5 to 14 days, the rats were anesthetized with mactin
(100 mg/kg, i.p., sodium ethyl-l-methylpropylmalonyl thiourea,
Byk Gulden, Konstanz). The left kidney was exposed, separat-
ed from the adrenal gland and placed in a plastic cup for
micropuncture. Catheters (PE 50) were placed in the left ureter,
bladder, and jugular vein while a larger tube was inserted into
the trachea. Pairs consisting of one HS and one LS rat were
studied on the same day. HS rats were infused with isotonic
saline, first at 0.39 mI/mm for 60 mm and then at 0.076 mI/mm
for the remainder of the experiment. The sustaining infusion,
containing 50 mg/mI inulin was given for at least 30 mm before
the first urine samples were collected. Urine flow rate might
influence catecholamine excretion, therefore LS rats were
infused with 10% mannitol in distilled water at 0.076 mI/mm to
produce similar urine flow rates from both LS and HS rats. The
mannitol infusate contained 50 mg/mI non-radioactive inulin.
Urine sample collections taken every 30 mm were used
alternatively for measurement of endogenous catecholamine
excretion and radioactive catecholamine secretion. Measure-
ments of secretion and excretion were made during the 30—90-
mm period after the beginning of the sustaining infusion and
again during the following hour. These duplicate measurements
were obtained from HS and LS animals, both denervated and
sham-operated.
Fractional radioactive catecholamine secretion. Catechol-
amine secretion was measured by microinjecting known quanti-
ties of radioactive catecholamines beneath the capsular surface
of the left kidney through sharpened micropipettes. As the
injectate spread over an area at least 1 mm in diameter, it
contacted many tubule convolutions, mostly proximal but some
distal. The injectate was a mixture of norepinephrine [7,8-3H(N)
24 Ci/mM, New England Nuclear, Boston, Massachusetts] and
dopamine [(3,4-dihydroxyphenyl (2-14C) ethylamine HCL) 60
mCi/mM, Amersham Corp.]. The 70 nI droplets which were
injected contained 13,000 to 21,000 disintegrations per mm
(dpm) of each radioactive catecholamine and were stained
lightly with 0.1% fast green FCF dye (Fisher Scientific Corp.,
Fairlawn, New Jersey). Microinjections were made over 30—60
sec, and urine samples were collected from both kidneys during
and for 30 mm after the injection.
In our previous work [131, a microinjection of catecholamines
into peritubular capillaries was sometimes associated with
retrograde flow through efferent arterioles into proximal tu-
bules. To prevent this flow from happening, we made all
injections into the subcapsular space.
The volume of urine samples was adjusted to 3.5 ml with
water and 11.5 ml Aquasol (New England Nuclear Corp.) was
added before counting in a liquid scintillation counter. All
counts were at least three times background. The radioactivity
of carbon 14 and 3H was calculated in the standard procedure
after making adjustments for quenching.
Recovery of radioactivity in the urine was expressed as
percent of injected amount. Fractional secretion was calculated
by correcting the recirculation of microinjected radioactivity.
Radioactivity which escaped from the peritubular space of the
injected kidney into the general circulation would have been
excreted by both kidneys in proportion to their relative glomer-
ular filtration rates. Excretion of non-radioactive inulin was
used to measure relative GFR. Thus, excretion of recirculated
radioactivity by the injected left (L) kidney was calculated by
multiplying radioactivity excreted from the right (R) kidney by
the ratio (L/R) inulin excretion. This recirculated radioactivity
was then subtracted from the total radioactivity excreted by the
L kidney to obtain the amount secreted. In brief, the fractional
secretion of microinjected 3H = 3HL — (3HR x L/R inulin
excretion). Similar calculations were used to obtain fractional
carbon 14 secretion.
Chromatography of excreted radioactivity. To characterize
the chemical nature of radioactivity excreted after microinjec-
tion, a urine sample was filtered through a millipore filter and
injected directly onto HPLC columns (see below). The injec-
tates were also analysed by HPLC; all of the 3H counts
appeared under a single peak which co-chromatographed with
native norepinephrine; in a few dopamine samples there were
extra peaks which appeared with homovanilic acid and 6
hydroxydopamine. The mean recovery of carbon 14 counts as a
single peak with native dopamine and was 95 2%. Injectate
was also added directly to urine samples and then chromato-
graphed. Both 3H and carbon 14 were recovered as single peaks
which co-chromatographed with norepinephrine and dopamine,
respectively.
Catecholamine excretion. In 30—60 mm periods between
microinjection periods, a urine sample was collected into
preweighed vials containing 5 .tl thioglycollic acid. This urine
sample was also used for measurement of inulin, sodium, and
endogenous catecholamine excretion. In most experiments,
there were at least two measurements of secretion and of
excretion. It has been shown that clearances of radioactive
norepinephrine and epinephrine correlate with GFR, [31 there-
fore, we expressed catecholamine excretion in terms of inulin
clearance.
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Table 1. Kidney content of free catecholamines, nglg wet ut"
Means SEM. There was no significant difference between LS and HS.
N represents the number of rats.
Abbreviations used are defined: DEN, denervated kidney; HS, high salt diet; LS, low salt diet; L, left kidney; R, right kidney.
Calculation of catecholamine release rate. It was assumed
that renal nerves released catecholamines into the peritubular
space from whence a fraction was secreted into the urine. This
fractional secretion rate was estimated by microinjecting radio-
active tracers. The quantity of catecholamine delivered to the
urine sample from renal nerves was calculated from the differ-
ence between INN and DEN excretion corrected for differ-
ences in the GFR. Thus it was possible to estimate the rate of
catecholamine release from nerves as follows using NE as an
example: (INN NE excretion) — (DEN NE excretion x INN!
DEN inulin excretion)/(fractional 3H secretion) >< (3H-NE/total
3H in urine). Note that the fractional secretion rate of the
radioactive tracer has been corrected for catabolism during the
secretory process. Because denervation did not alter fractional
secretion rate or catabolism (see Results), I assumed that
results obtained for DEN kidneys applied equally to the contra-
lateral INN kidney.
Analytical methods. Catecholamines were extracted from the
urine sample with alumina after pretreatment with Biorex-70.
The 1 M acetic acid eluate from alumina was chromatographed
on HPLC with electrochemical detection using dihydroxyben-
zylamine as an internal standard [14, 15]. Coefficients of
variation for norepinephrine, dopamine, and epinephrine mea-
surements were 5.6%, 7.1%, and 8.7% respectively.
Sodium was measured by flame photometry and inulin by the
method of Heyrovsky [16].
At the end of each experiment, the kidneys were removed,
blotted dry, weighed, and homogenized in 2.8 ml of -0.05 M
perchloric acid containing 0.1 ml of 0.1 M EDTA and 0.1 ml of 1
M sodium bisulfite. The supernatant, after centrifugation at
12,000 G for 20 mm was assayed for catecholamine content as
described previously.
All data are expressed as means SEM. For statistical
comparisons t tests, paired and unpaired, were used [17].
Results
HS and LS kidney catecholamine content was not significant-
ly different (Table 1) and did not change with time after the
denervation procedure. In one-half the DEN kidneys norepi-
nephrine was undetectable and in the rest it was very low.
Dopamine content decreased by approximately 60% after de-
nervation.
Following anesthesia, surgery and induction of diuresis, urine
flow rates were similar in the two groups, but saline infusion
produced volume expansion in LS rats and mannitol infusion
caused relative volume depletion in LS rats. This was con-
firmed by lower hematocrits (42 + 1% versus 50 1%) and
lower plasma protein concentrations (3.6 0.1 g/100 ml versus
4.6 0.0 g/100 ml) in HS rats compared to LS. HS rats were
also hypernatremic relative to LS rats (147 2 versus 134 3
mEq/liter) and had higher fractional sodium excretion (2.35
0.50% versus 0.25 0.04% for DEN kidneys and 1.25 0.24
versus 0.06 0.01 for INN kidneys).
Norepinephrine and dopamine were excreted at similar rates
by HS and LS rats (Table 2), but epinephrine excretion was
approximately ten times greater from LS rats. Epinephrine
excretion rates from the INN and DEN kidneys were not
significantly different. Norepinephrine and dopamine excretion
from INN kidneys decreased slightly from the first to the
second collection period (P < 0.01 and P <0.05) but remained
significantly greater than from the contralateral DEN kidneys.
The average of early and late collections was used in calculating
the results presented here (Table 2).
Catecholamine excretion is determined in part by GFR [I,
18]; therefore, before examining the effects of renal denervation
further it was necessary to adjust catecholamine excretion for
differences in GFR. Because plasma inulin was not measured in
all rats, inulin clearances could be calculated for only 3 to 4 rats
in each group. Inulin clearances were similar in HS and LS rats
studied at the same time (1.35 0.13 mI/mm for HS — INN and
1.47 0.27 mi/mm for LS — INN). This result agrees with our
findings in other experiments using similar protocol and a larger
number of rats [18]. Because the inulin excretion rate was
measured in all urine collections, it was possible to compare the
GFRs of left and right kidneys in the same rat, even though
absolute GFRs were not always available (Table 3). The GFR
ratio DEN/INN was significantly lower in the LS (0.85) than in
the HS (1.08) rats (P < 0.05).
To compare catecholamine excretion by INN and DEN
kidneys in the same rat, the results were expressed in terms of
inulin excretion. This maneuver corrected differences in GFR
produced by denervation. Because the arterial plasma catechol-
amine is the same for both kidneys, then the following ratio of
(NE excretion DEN/INN)/(inulin excretion DEN/INN)
is in fact the ratio of fractional norepinephrine excretion rates.
Denervation decreased fractional norepinephrine excretion by
30% in both HS and LS rats (P < 0.01) compared to sham-
operated rats, but it decreased fractional dopamine excretion by
21% only in HS rats (P <0.05; Table 3). The 5% decrease in LS
rats was not statistically significant when compared with the
results obtained in sham-operated controls. Denervation and
removal of adrenal-renal anastomoses had no apparent effect on
fractional epinephrine excretion.
In these experiments it is unlikely that epinephrine entered
the kidney directly via vascular anastomoses such as those
described in experiments with dogs [11]. Preparation of the rat
kidney for micropuncture involved separating the adrenal gland
Norepinephrine Dopamine Epinephrine
R L R L R L Nb
HS-DEN 100±9 3±1 11±3 4±1 2±1 1±1 Il
LS-DEN 87±6 1±1 5±1 2±1 2±1 1±0 10
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Table 2. Cathecholamine excretion by anesthetized rats, ng/min
Nb NE D E D/NE
HS-SHAM R-INN
L-INN
0.39 0.08
0.30 0.05
0.87 0.18
0.79 0.20
0.02 0.01
0.02 0.01
2.56 0.70
2.52 0.53P NS NS NS NS
LS-SHAM R-INN
L-INN
0.45 0.11
0.42 0.10
0.80 0.04
0.86 0.15
0.26 0.10
0.27 0.13
2.00 0.48
2.30 0.53
P NS NS NS NS
HS-DEN R-INN
L-DEN
0.50 0.07
0.36 0.06
1.12 0.14
0.94 0.18
0.07 0.02
0.06 0.02
2.30 0.18
2.89 0.11
P <0.005 <0.005 NS <0.001
LS-DEN R-INN
L-DEN
0.47 0.07
0.28 0.05
1.08 0.06
0.88 0.07
0.54 0.19
0.42 0.15
2.30 0.21
3.11 0.24
P <0.005 <0.005 NS <0.05
a Means SEM.
b N represents the number of rats.
C Paired (test for difference between R and L excretion rats.
Abbreviations used are defined: NE, norepinephrine: D, dopamine; E, epinephrine; HS, high salt diet; LS, low salt diet; DEN, denervated left
kidney; R, right kidney; L, left kidney.
Table 3. Relative fractional excretion rates: Left SHAM or denervated (DEN) kidney right innervated (INN) kidney
Fractional excretion
Sodium Norepinephrine Dopamine Epinephrine Inulin
HS (DEN INN)
P
HS + LS(SHAM
P
LS (DEN ÷ INN)
÷ INN)
1.57 0.16
<0.05
1.03 0.14
NS
1.43 0.25
0.71 0.07
<0.01
1.03 0.06
<0.05
0.70 0.04
0.79 0.07
<0.05
1.04 0.07
NS
0.95 0.05
1.07 0.17
NS
1.11 0.07
NS
1.00 0.08
1.08
NS
0.90
NS
0.85
0.05
0.06
0.02
a Means SEM.
from all its renal attachments. Thus on the left side, kidneys and
adrenals were separated in both sham-operated and denervated
rats while remaining attached on the right side. Fractional
secretion of 3H dl-epinephrine microinjected beneath the renal
capsule was 46 1% (A. Baines, unpublished experiments).
Therefore, epinephrine entering the right kidney directly from
the adrenal would have augmented epinephrine excretion from
that kidney. This augmentation was not observed.
Catecholamine secretion and catabolism were examined by
microinjection of radioactive catecholamines beneath the renal
capsule. Mean coefficients of variation for secretion of radioac-
tivity calculated from 14 triplicate microinjections were norepi-
nephrine, 0.22 0.03, and dopamine, 0.12 0.02. Previously, I
described how the fractional dopamine secretion is three times
greater than the fractional norepinephrine secretion [131. The
present results confirm these earlier observations and also show
that salt intake does not affect fractional secretion rates (Table
4). Because it was possible that salt intake alters catabolism of
catecholamines during the secretory process, I examined this
point by subjecting the excreted radioactive urine to HPLC
analysis, The results shown in Table 5 indicate that neither salt
intake nor denervation had a significant effect on the fraction of
radioactive norepinephrine and dopamine excreted unchanged
into the urine. The secreted 3H in amounts of 66 to 71% co-
chromatographed with endogenous norepinephrine and 60 to
67% of carbon 14 co-chromatographed with endogenous dopa-
mine. Radioactivity not excreted as norepinephrine or dopa-
mine was excreted with methylated and oxidized catecholamine
metabolites [13] (Fig. 1).
Using the calculation outlined in the methods section, I
estimated the norepinephrine release from renal nerves to be 1
ng/min from HS and LS rats. Dopamine release from renal
nerves of HS rats was 0.6 ng/min and from LS was 0.1 ng/min.
However, Table 3 exhibits that the effect of denervation on
dopamine release from LS rats is not statistically significant
when compared with sham-operated controls. Therefore, the
estimated dopamine release from renal nerves of LS rats is not
statistically significant. These estimates were based on the
assumption that norepinephrine secretion was 68% of the total
3H secreted and dopamine, 64% of the total carbon 14 secreted
(Table 5).
Discussion
Using urinary catecholamine excretion as an index of sympa-
thetic nerve activity, several research groups [8, 9, 10] have
suggested that the kidney contains noradrenergic antinatriuretic
nerves and dopaminergic natriuretic nerves. This suggestion is
based largely upon changes in urinary catecholamine excretion
in response to increased or decreased salt intake. However,
none of these experiments reveal how much renal nerves and
circulating catecholamines separately contribute to urinary
catecholamine excretion, nor do they clarify how salt intake
influences the secretion and metabolism of catecholamines by
the kidney.
I planned my study to measure the effect of salt intake on
renal nerve contributions to urinary catecholamine excretion
and secretion and catabolism of catecholamines by the kidney.
Rats were used because they, like humans and unlike dogs,
320 Baines
Table 4. Fractional catecholamine secretion as a percenta of
microinjected radioactivity
Norepinephrine Dopamine N"
SHAMHS+LS 19±3 67± 5 7
HS-DEN 22±8 67± 5 8
LS-DEN 20±4 63± 2 9
Table 5. Proportion of microinjected 3H-norepinephrine and '4C-
dopamine excreted unchanged in urine from the microinjected kidney
% 3H-norepinephrine % 'C-dopamine N"
HS-SHAM 68 2 67 3 6
LS-SHAM 71 3 60 4 3
HS-DEN 66±4 65±4 6
LS-DEN 68±6 66±2 6
Meana 68 64
have high urinary dopamine/norepinephrine excretion rates and
because they respond to increased salt intake with increased
dopamine excretion [10].
Renal nerve contributions to catecholamine excretion were
evaluated by comparing excretion from INN and DEN kidneys
in the same animal. Urine catecholamines from the DEN kidney
came from glomerular filtrate, tubular secretion, and intrarenal
synthesis but not from renal nerves. The difference between
catecholamine excretion by INN and by DEN kidneys within
the same animal, indicates the renal nerve contribution to
urinary catecholamine excretion.
In other experiments (Stephenson, Sole, and Baines, unpub-
lished experiments), I have shown with others that all norepi-
nephrine in urine samples from a DEN kidney can be accounted
for by glomerular filtration and tubular secretion of norepineph-
rifle delivered in renal arterial blood, and that the DEN kidney
adds no norepinephrine to renal vein blood or urine. This is not
the case for dopamine production. Judging from the rate at
which dopamine was added to urine and renal vein blood by
DEN kidneys, one can conclude that DEN kidneys in non-
diuretic anesthetized rats produced dopamine at 0.7 ng!min
(Stephenson, Sole, and Baines, unpublished experiments). The
precursors for this non-neuronal dopamine production are
probably circulating free 1-Dopa [7] and dopamine-conjugates
[61. This study extends these results by showing the effect of
salt loading and depletion on the renal nerve contribution to
urinary norepinephrine and dopamine excretion.
Before examining the effect of salt intake on the renal nerve
contribution to norepinephrine and dopamine excretion, it is
important to note that salt intake had no appreciable effect on
tubular secretion (Table 4) or catabolism (Table 5) of norepi-
nephrine and dopamine. The same microinjections of radioac-
tive catecholamines which established these points also indicat-
ed that denervation did not affect secretion and metabolism.
Fig. 1. Radioactive ,netabolites of dopamine in 20-mm urine samples
collected after microinjection of '4C-dopamine under the capsule of the
denervated left kidney. Urine from the contralateral kidney shows the
'4C which entered systemic circulation before being excreted. This is a
tracing of the output from a Berthold scintillation scanner attached to
the output from the HPLC column. An untreated urine sample was
applied to the column. Note that homovanillic acid (HVA) excretion is
the same from both kidneys, but that dopamine, dihydroxyphenylacetic
acid (DOPAC) and 3 methoxytryamine (3MT) are excreted almost
exclusively by the microinjected kidney.
GFR is another factor which may alter catecholamine excre-
tion. The GFRs of INN kidneys were similar in paired HS and
LS rats. But, when comparisons were made between the
kidneys within each rat, it appeared that for HS rats, the GFR in
DEN kidneys was higher than in INN kidneys while the reverse
was true for LS rats (Table 3). This inconsistent effect of
denervation may have been due to hypersensitivity of DEN
kidneys to the very high epinephrine levels in LS rats (Table 2).
Whatever the explanation may be, it was desirable to adjust for
differences in catecholamine excretion produced by different
GFRs, therefore, the results were expressed as relative frac-
tional excretion rates (Table 3).
Bearing in mind the observation that secretion and metabo-
lism were independent of salt intake and that relative fractional
norepinephrine excretion was decreased to the same extent by
DEN of HS and LS rats (Table 3), 1 must conclude that mactin
anesthesia stimulated renal nerve activity and norepinephrine
release to the same extent in HS and LS rats despite large
differences in extracellular fluid volume and sodium concentra-
Ri9ht
a Means SEM.
b N represents the number of rats. Abbreviations used are defined:
DEN, denervated kidney; HS, high salt diet; LS, low salt diet.
Left
'4C-dopamine microinjected into
subscapular space of left kidney
a Means 5EM.
1' N represents the number of rats. Abbreviations used are defined:
DEN, denervated kidney; HS, high salt diet; LS, low salt diet.
Dopamine DOPAC 3MT
0 5 10 15 20
Mm
HVA
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tion. Insensitivity of renal noradrenergic nerve activity to salt
intake in anesthetized rats is also demonstrated by comparing
the present results with those found in non-diuretic anesthe-
tized rats. In a previous study I used non-diuretic rats and found
that endogenous norepinephrine was released at 1 ng/min into
renal vein plasma and urine of INN kidneys (Stephenson, Sole,
and Baines, unpublished experiments). In this study norepi-
nephrine release was estimated to be 1 nglmin. Thus, release of
norepinephrine from INN kidneys of HS, LS, and non-diuretic
rats was equivalent to a turnover of 1% of norepinephrine
stores/mm (Table 1). These estimates are similar to the rate
constant of 1.2 0.1% for renal norepinephrine turnover after
administration of alpha methyl-p-tyrosine (M. Sole, personal
communication). It must be noted that all these estimates relate
only to the catecholamines which escape from the neural cleft.
There is another unknown and perhaps variable fraction, which
is transported directly back into the nerves and metabolized, or
re-used [20]. Nonetheless, it can be concluded that the quantity
of norepinephrine released from renal nerves to the renal
interstitium is relatively constant in mactin-anesthetized rats.
This constant rate of norepinephrine release in volume-
expanded and hydropenic rats has a functional counterpart.
Acute denervation produced quantitatively the same decrease
in reabsorption from proximal tubules of hydropenic [21] and
volume-expanded [121 rats. This observation was unexpected
because volume expansion should reduce renal nerve activity
and thereby blunt the effect of acute denervation. Experiments
using unilaterally denervated dogs provide another example of
renal nerve insensitivity under anesthesia. Sadowski, Kurkus,
and Gellert found that anesthesia stimulated sodium reabsorp-
tion from INN but not the DEN kidney; however, the effect of
anesthesia alone was the same as that of anesthesia plus
extensive surgery [221.
Thus, it appears that some anesthetics stimulate renal nerves
as is shown by increased norepinephrine release and sodium
reabsorption, but at the same time, these anesthetics render the
nerves insensitive to changes in extracellular fluid volume,
surgical trauma, and salt intake. However, in my experiments,
even when the rats were anesthesized, dopamine release from
renal nerves was sensitive to salt intake or changes in extracel-
lular fluid volume. Renal nerves did not contribute significantly
to dopamine excretion by LS kidneys (Table 3) but produced
21% of the urine dopamine from HS kidneys. Total dopamine
excretion from INN kidneys of LS rats was slightly less than
from INN kidneys of HS rats, however, the difference was
small and statistically insignificant. Therefore, we cannot be
sure whether or not the LS diet altered non-neural dopamine
production. Nonetheless, it is clear that salt intake or extracel-
lular fluid volume influenced the proportion of urine dopamine
derived from renal nerves.
Estimated neural dopamine release from HS rats was 0.6 ng/
mm. This rate is similar to the rate of 0.7 ng/min calculated from
endogenous dopamine levels in the renal artery, renal vein, and
urine of INN kidneys in hydropenic rats [20]. Kidneys in non-
diuretic rats produce dopamine at 0.7 ng/min from renal nerves
and at 0.7 ng/min from non-neuronal sources [201. These
estimates suggest that the HS regime did not increase neural
dopamine production while the LS regime decreased it. Such an
effect of salt depletion on renal dopamine production is consis-
tent with the observation that a low salt diet reduced dopamine
excretion by human kidneys [231.
To summarize, salt intake did not affect tubular catechol-
amine secretion or renal catecholamine catabolism or norepi-
nephrine release from renal nerves. However, a low salt diet,
combined with volume depletion induced by mannitol diuresis,
reduced dopamine release from renal nerves. It must be recog-
nized that these results apply to anesthetized rats and may not
hold true in other species or in conscious animals.
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